We used published data to calculate small-mammal species richness at 43 sites in North America to examine the response of species richness to increasing primary productivity. We estimated species richness for the entire community and for each of 4 functional groups (insectivore, granivore, herbivore, and omnivore). Total richness exhibited a significant unimodal relationship to increasing amounts of annual precipitation and was driven by granivores; this functional group exhibited the most pronounced decline in richness with high precipitation. We suggest that the decline in granivore richness is due to increased litter associated with increased productivity.
Responses of species richness (S; the number of species at a site) to increased productivity are diverse; changes may be positive, negative, or nonlinear (Mittlebach et al. 2001; Waide et al. 1999) . In many systems, S responds in a nonlinear, often unimodal, pattern to increased abundance of resources (Rosenzweig 1995) . This unimodal pattern has been demonstrated in many taxa and within many ecosystems (Mittlebach et al. 2001; Waide et al. 1999) . The resource heterogeneity hypothesis (Tilman 1982 ) provides a theoretical explanation for the unimodal pattern. As expected, S increases as resource abundance increases from low levels. However, S, at some point, decreases because a superior competitor becomes dominant, or some factor other than resource abundance becomes limiting. To date, no mechanism has been demonstrated to explain the unimodal relationship between S and productivity (Mittlebach et al. 2001; Waide et al. 1999) .
The likelihood of a new species being added to a community is influenced by the proportional representation of its functional group within the community; thus, functional groups of organisms might influence community structure (Fox 1987; Fox and Brown 1993) . Functional groups might, in turn, be affected differentially by increased productivity. Increased forage biomass might allow for higher richness of herbivorous species (S H ), and increased arthropod biomass associated with increased productivity (Evans 1988; Kaspari et al. 2000) might result in increased richness of insectivorous species (S I ). One consequence of increased productivity is increased accumulation of dead plant matter (litter) on the soil surface. Litter negatively affects seed predation by rodents in several grassland types (Reed et al. 2006) ; therefore, increased productivity via the litter layer might result in decreased richness of granivorous species (S G ).
Here we examined the relationship between total species richness of small mammals (S T ) and precipitation in North American deserts and grasslands. We used precipitation as a proxy for plant productivity of deserts and grasslands because plant productivity and precipitation are related positively in North American grasslands (R 2 ¼ 0.9- Sala et al. 1988) . We used data for small-mammal communities from published studies of North American deserts and grasslands to calculate S T and richness of different functional groups (insectivore, granivore, herbivore, and omnivore [S O ]) in each community.
We expected S T to increase either monotonically or exhibit a unimodal response to increasing plant productivity, indexed by precipitation. We also expected functional groups to respond differentially to increasing productivity. For S G , we expected an initial increase in richness with increasing productivity (Brown 1973) followed by decreased richness, because the species pool of granivores is lower in moreproductive sites (Hall 1981) . Conversely, increased plant biomass associated with increased plant productivity likely would increase resources available to herbivorous rodents. Therefore, we expected S H to increase monotonically with increased plant productivity. We expected S I and S O to increase monotonically because of increased insect biomass associated with increased productivity.
MATERIALS AND METHODS
We assembled data for richness of small mammals from 43 local sites ranging from desert to tallgrass prairie throughout western and central North America (Fig. 1) . Published studies had to satisfy the following conditions to be included: conducted in native deserts or grasslands, have a sampling effort of at least 300 trap-nights, and have a control site that was unmanipulated if it was an experimental study. Further, we used only the 1st year of data if a study was conducted over multiple years to make studies comparable in duration and to eliminate any investigator bias in selecting the year.
Using species lists in published papers, we calculated S T at each site (Table 1) . We assigned small-mammal species to 1 of the 4 functional groups (insectivore, granivore, herbivore, or omnivore; Table 2 ) and calculated S for each functional group. Assignment to a functional group was based on the classification of Morton et al. (1994) . We recorded elevation and latitude for each station, and calculated mean annual precipitation for the 20 years preceding the study at each site by using data from the National Climatic Data Center weather station nearest the field site. We often were not able to determine the exact locations of study sites. In these cases, we used data from the weather station nearest any general location provided in the original paper (e.g., a town name). Weather stations were within 20 km of all study sites for which we could determine a precise location.
We used generalized linear model regression with a Poisson distribution and log link to assess possible relationships between S and precipitation, precipitation squared, altitude, and latitude. We used Akaike's information criterion corrected for small sample size (AICc-Burnham and Anderson 2002) to select the model that best described the observed pattern of S. Models with the lowest AICc value were considered to be the best-fit model; any pair of models with a difference in AICc values (ÁAICc) less than 2 was considered to have similar support.
RESULTS
Total species richness for small mammals varied from 1 to 15 species ( " X ¼ 8.1). Variability in S of functional groups differed among insectivores (S I , range ¼ 0-4 species, " X ¼ 1.1 species), granivores (S G , 0-7, " X ¼ 3.4), herbivores (S H , 0-3, " X ¼ 1.1), and omnivores (S O , 0-5, " X ¼ 2.6). Precipitation at the 43 sites varied by more than an order of magnitude (range ¼ 88-1,158 mm, " X ¼ 437 mm). In our regression analysis, altitude and latitude were not retained in the most-parsimonious model for S T or any of the functional groups (Table 3 ). Quadratic models were selected as the best model for S T , S G , S O , and S H . We found a unimodal relationship between S T and precipitation (Fig. 2a) . S T increased until the mean annual precipitation approximated 700 mm, at which point S T began to decline. S G also exhibited a unimodal pattern related to increasing precipitation (Fig. 2b) . The best-fit model for S O was quadratic; however, the inflection point occurred at high levels of productivity (Fig. 2c ). The quadratic model also was selected for S H , although a reduced model with the quadratic term removed received similar support. In contrast to the patterns observed with the other quadratic models, S H showed an increasing, curvilinear relationship with increasing productivity (Fig. 2e) . A reduced model (quadratic term removed) and the quadratic model received similar support for insectivores (Fig. 2d) .
DISCUSSION
Small-mammal species richness along the desert-prairie continuum exhibited a unimodal pattern related to increasing precipitation and, presumably, increasing aboveground primary productivity. Within functional groups of small mammals, a unimodal pattern was observed for S G and S O , whereas S H showed a positive, curvilinear relationship to precipitation. The decline in S T with increased precipitation was associated most strongly with a decrease in S G .
The fit of the model between S T and precipitation was relatively weak (4 Pearson standardized residuals . 2). The scatter in S T was high at sites with relatively low precipitation (,500 mm) and within functional groups was most pronounced for S G (coefficient of variation ¼ 60.2). Because we used published data for small mammals collected in a single year, our estimate of S might have been based on a year that had abnormally high or low plant productivity. Either of these extremes would not be reflected in our 20-year average of annual precipitation for a site, which is a better predictor of primary productivity than is precipitation data for a single year (Briggs and Knapp 1995; Oesterheld et al. 2001 ). However, using precipitation only from the year in which the study was conducted did not alter the observed relationships. The unimodal pattern between richness and productivity has been observed in several mammalian taxa, including rodents in xeric environments in Asia (Wang et al. 1999 (Wang et al. , 2001 ) and Israel (Abramsky and Rosenzweig 1984) , carnivores in Texas (Owen 1988) , and a variety of nonmammalian taxa in both terrestrial and aquatic systems (Mittlebach et al. 2001; Waide et al. 1999) . The processes that drive this unimodal pattern are unclear but likely vary with spatial scale.
An increase in richness likely is a function of resource availability (Abramsky and Rosenzweig 1984; Brown 1973 ). S I and S H tended to increase with increased productivity. This likely is because of enhanced forage and insect biomass associated with increased productivity (Evans 1988; Sala et al. 1988) . However, the increase in S I and S H was relatively low (maximum richness ¼ 4), likely due to the limited regional species pools for these functional groups (Hall 1981) . S O also tended to increase with increased precipitation, but it also appeared to decrease at the highest levels of precipitation. However, the decrease in S O is at the edge of our range of sites and therefore the decrease may be due to a few influential points (sites 32 and 36; Table 1 ). Further, the greatest S O occurred at the site with the highest annual precipitation.
Granivores decreased in richness with increased precipitation, which suggests that S G drives the unimodal pattern in S T . The cause of the decrease in richness with increasing productivity is problematic; no single hypothesis is evident that explains the decline across high levels of productivity. Tilman (1982) hypothesized that richness should increase as resource availability increased and then decrease when superior competitors excluded other species or when another resource became limiting. In the case of granivores at high levels of primary productivity, S G does not decline to 1 or a few species, but rather declines to 0. Therefore, competitive exclusion Physical barriers do not prevent the dispersal and radiation of granivores, such as heteromyid rodents, into more-productive grasslands. The distribution of heteromyid rodents extended well into the tallgrass prairie region during interglacial periods (Schmidly et al. 1993) and during droughts in more recent history (Hoffmann and Jones 1970) . Therefore, another factor must limit the distribution of the granivore functional group along the desert-grassland productivity gradient.
Seed resource availability could limit S G in more-productive sites; however, this appears unlikely. Mean seed size of many common grasses and forbs in prairies (Howe and Brown 1999) is similar to that in desert ecosystems (1.0 mg/seed-Price and Joyner 1997). Seed rain is similar in tallgrass prairie and deserts (Price and Joyner 1997; Schott and Hamburg 1997) , but the number of seeds within the soil seed bank tends to be greater in deserts (Reichman 1984) than in tallgrass prairie (Iverson and Wali 1982; Rabinowitz 1981) . However, the seed rain, not the size of the soil seed bank, appears to be the best measure of seed availability to consumers (Price and Joyner 1997) . The availability of seeds would suggest that granivores could be supported in tallgrass prairie, but the granivore guild was absent, or nearly so, in these productive sites.
Granivore communities in desert environments have many available niches and are highly structured (Brown 1975) . Although several species may use the same resource (seeds), they are able to coexist through spatial niche separation (Price 1978) . At very low levels of productivity relatively few niches are available, resulting in low S G ; as productivity increases more niches are available (Abramsky 1988) . However, the number of available niches may again decrease with increasing productivity as the landscape becomes more densely covered with vegetation. That is, the only available habitat might be under the canopy and in dense plant litter, thereby reducing the kinds of structural niches available for granivores. This homogenization of habitat with increased plant productivity and the associated accumulation of litter may result in a decrease in the availability of spatial niches and thus limit S G .
Although gross seed availability appears similar along the desert-grassland continuum, functional availability of seeds may be decreased in more-productive grasslands. Increased accumulation of litter associated with increased plant productivity reduces the ability of rodents to find seeds. Rodents exhibit reduced foraging efficiency in the presence of litter in both laboratory and field studies in central North American prairies (Clark et al. 1991; Kaufman and Kaufman 1990; Reed et al. 2006 ); this reduction is not due to changes in rodent abundance or foraging behavior of rodents (Reed et al. 2005) . Further, the negative effect of litter in tallgrass prairie is expressed at the population level as a reduction in granivore abundance with increased litter (Kotler et al. 1988 ).
Our results demonstrate that S T along the desert-grassland continuum in North America exhibits a unimodal pattern related to increased plant productivity and that a decrease in S G , coupled with the failure of the increased richness of other functional groups to compensate fully for the decreased S G , is responsible for the unimodal pattern. Further, we hypothesize that the decline in S G associated with increased litter accumulation is due either to habitat homogenization, a reduced ability of granivores to locate seeds in litter, or a combination of these factors. However, other alternative hypotheses exist that might explain the observed pattern. For example, desert floras often are dominated by annual plants, which likely provide a more predictable resource for granivores than do perennial grasses. In drought years, perennial grasses forego reproduction via seeds and, therefore, this resource would be unavailable to rodents during these years. Finally, differences in diet may be more refined than the coarse measure, functional group, which we used. Therefore, experimental studies are needed to test these hypotheses about the cause of the decline in S T and, in particular, S G associated with increasing precipitation and plant productivity in highly productive grasslands of North America.
